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Characteristics of a diffusion-bonded sapphire cell for optical experiments with hot metal vapors were
investigated. The sapphire cell consisted of sapphire-crystal plates and a borosilicate-glass tube, which
were bonded to each other by diffusion bonding without any binders or glues. The glass tube was at-
tached to a vacuum manifold using the standard method applied in glass processing, filled with a small
amount of Rb metal by chasing with a torch, and then sealed. The cell was baked at high temperatures
and optical experiments were then performed using rubidium atoms at room temperature. The sapphire
cell was found to be vacuum tight, at least up to 350◦C, and the sapphire walls remained clear over all tem-
peratures. From the optical experiments, the generation of a background gas was indicated after baking
at 200◦C. The background gas pressure was low enough to avoid pressure broadening of absorption lines
but high enough to cause velocity-changing collisions of Rb atoms. The generated gas pressure decreased
at higher temperatures, probably due to chemical reactions. © 2018 Optical Society of America
OCIS codes: (020.0020) Atomic and molecular physics; (020.3690) Line shapes and shifts; (020.2070) Effects of collisions; (120.0120)
Instrumentation, measurement, and metrology; (300.6210) Spectroscopy, atomic
1. INTRODUCTION
Alkali-metal-vapor cells made of silica-based glasses are used
in atomic physics in a range of experiments such as hyperfine
atomic clocks [1], optical magnetometers [2], atomic gyroscopes
[3], and noble-gas hyperpolarization [4]. Some experiments
with alkali-vapor cells require high temperatures to increase
the number density of alkali atoms; however, there is an upper
temperature limit of approximately 200◦C when using glass cells
in optical experiments, since the glasses become mechanically
weak and discolored due to absorption of chemically-reactive
alkali metals at high temperatures. Although aluminosilicate
glass can withstand alkali metal attack better than borosilicate
and silica glasses, aggressive alkalis can discolor aluminosilicate
to an opaque brown after a few weeks of use at ∼350◦C [5].
Aluminum oxide materials (Al2O3) such as crystalline sap-
phire and polycrystalline alumina (PCA) are alkali-resistant even
at higher temperatures (for example, up to ∼1500◦C for sodium
[6] and ∼1000◦C for cesium [7]) unless they are exposed to hot
lithium vapor [8–10]. Since sapphire crystal is transparent across
a wide range of wavelengths, from the visible to the infrared
spectrum, sapphire crystals have been used as optical windows
in a number of alkali-vapor cell experiments conducted at high
temperatures [6, 11–17]. Sapphire-windowed cells have also
been used in atom-surface interaction experiments [13, 15, 16, 18]
and to store hyperpolarized noble gases and liquids [19, 20]. The
sapphire cell reported in [20] has the unique feature that the
sapphire windows were diffusion-bonded to a sapphire tube
without any binders or glues: the sapphire-sapphire bonding
reduces stress-induced birefringence of the sapphire windows
caused by differences in expansion curves [7]; the absence of
glues may result in low contamination and low background-gas
pressure. However, the characteristics of diffusion-bonded sap-
phire cells containing alkali atoms at high temperatures have
not been investigated.
In this work, the characteristics of a diffusion-bonded sap-
phire cell for optical experiments at high temperatures were
investigated. Sapphire single-crystal plates were bonded with
each other by diffusion bonding, and a borosilicate-glass tube
was attached so that metal samples could be vacuum sealed by
flaming the glass tube, using a similar method to that applied
for all-glass cells. The sapphire cell containing rubidium (Rb)
atoms was repeatedly characterized using optical measurements
based on the absorption lines and velocity-changing collisions
(VCCs) of the Rb atoms at room temperature, after exposure to
high temperatures. It was confirmed that the sapphire cell was
vacuum tight and transparent, at least up to 350◦C. Production
of a background gas was indicated at 200◦C by modifications
in the Rb absorption lines and an increase in VCC rate. The
background gas production decreased at 250◦C, indicating that
the gas was fixed on the walls by some chemical reaction.
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2. SAPPHIRE CELL
pump beam
probe beam
borosilicate-
glass stem 
c-axis
sapphire body
Fig. 1. The sapphire cell (inner size, 14× 14× 14 mm3) and
optical configuration. The pump and probe beams propagate
collinearly along the c-axis of the sapphire crystal.
Fig. 2. Photograph of the cell after the heating process at
400◦C. The sapphire body is clear, although the glass tube
becomes discolored.
The alkali-vapor cell had a cubic shape made of sapphire
plates and a borosilicate-glass tube (Japan Cell Co., Ltd.). These
elements were bonded with each other by diffusion bonding
without binders or glues, as shown in Fig. 1. The optic axes of the
bonded crystal walls were matched with each other, similar to a
hollowed out bulk single crystal. The contact area of the glass
tube (outer diameter φ4.0 mm, inner diameter φ2.4 mm) with
the crystal was small but had adequate mechanical strength. The
diffusion bonding process, conducted at approximately 1400◦C
also gave rise to annealing, that is, the reconstruction of the
polished surface led to a decrease in atom adsorption at the
step edges [7]. The glass tube used for the stem (thermal expan-
sion coefficient: 6.4× 10−6◦C−1) belonged to a high-expansion
group of the borosilicate glasses [21] and was designed to ap-
proximate the thermal expansion of crystalline sapphire across a
wide temperature range. As described below, in a heat-proofing
test with Rb metal, the glass tube was brown colored but the
contact remained vacuum tight up to 350◦C.
The above-described manufacturing processes were per-
formed in air until the sapphire cell was attached to a vacuum
manifold. The procedure for vacuum sealing was similar to that
used for all glass alkali-vapor cells. The sapphire cell was evacu-
ated at a baking temperature of 400◦C for a whole day. Rb metal
at natural isotope ratio was transferred from a metal reservoir to
the cell using a gas torch at room temperature, and the sapphire
cell was sealed by flaming the glass stem at a background pres-
sure lower than 3× 10−5 Pa. Most of the metal was placed in
the glass stem and a thin film spot was visible on the sapphire
wall facing the glass stem. The finished cell was kept at room
temperature for six months, and the background gas pressure
was then confirmed to be less than the detection limit by the
optical measurements described below. For the heat-proofing
test, the cell was placed at a certain aging temperature TA for
six hours and then returned to room temperature for the optical
measurements. After the first set of aging and measurement
processes, subsequent sets was performed at higher tempera-
tures, using aging temperatures from 50◦C to 400◦C in 50◦C
increments. Since the whole cell was uniformly heated, the glass
stem gradually took on a brown coloration as the test proceeded,
but the sapphire windows remained clear for the whole life of
the cell (see Fig. 2). The Rb metal in the stem gradually dis-
appeared as the test proceeded. After the last aging period at
400◦C, no atomic spectral lines were detected, probably because
the metal was all absorbed into the glass at this temperature.
3. OPTICAL EXPERIMENTS
During optical experiments the sapphire cell was placed in
a permalloy magnetic shield at room temperature and im-
mersed in a longitudinal magnetic field of 40 µT. As shown
in Fig. 1, pump and probe lights derived from a laser diode were
collinearly introduced to the sapphire cell along the c-axis of the
sapphire crystals. The optical frequency of the laser diode was
tuned to the 85Rb D2 lines of the ground-state hyperfine level
|F = 3〉. The beam diameters at 1/e2 intensity of the pump and
probe lights were 0.54 mm and 6.4 mm, respectively. The powers
and polarizations of the laser beams were changed depending
on the type of optical measurement.
The first optical measurement was saturation spectroscopy.
The laser frequency was scanned over the D2 lines of 85Rb,
|F = 3〉 → |F′〉. A pump light of 10 µW and a probe light of
5 µW were linearly polarized perpendicularly to each other.
The intense pump light excited Rb atoms from the ground level
|F = 3〉 to the |F′〉 levels, leading to a reduction in the absorption
of the probe light. The pump light amplitude was modulated
at νm = 100 kHz in this measurement, and the absorption re-
duction was measured by lock-in detection. In addition, the
pump light created a hyperfine polarization and a population
imbalance between the hyperfine ground levels, through the de-
excitation |F′ = 2, 3〉 → |F = 2〉. The hyperfine polarization also
reduced the absorption of the probe light, but the lock-in detec-
tion had poor sensitivity to the hyperfine polarization, because
its relaxation time was longer than the modulation frequency νm.
However, the probe light detected the hyperfine polarization as a
modification to the saturation absorption spectrum at high VCC
rates [22, 23]. Modifications such as line broadenings and an ele-
vation in the tails of absorption lines, known as a pedestal, will
be expected for VCC rates comparable to 2piνm ∼ 6× 105 s−1.
The second optical measurement was measurement of the
VCC rate of Rb atoms with the background gas [24]. The laser
frequency was tuned to the transition |F = 3〉 → |F′ = 4〉. The
pump and the probe powers were 500 µW and 10 µW, respec-
tively, and the pump light was picked up with an acousto-optic
modulator as a circularly polarized pulse with a duration of 1 µs.
Atoms moving perpendicularly to the optical axis were selec-
tively polarized by the pump light from the Maxwell-Boltzmann
distribution, due to the Doppler effect. The circularly-polarized
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probe light passed through the spin-polarized atoms and was
absorbed. The absorption of the probe light depended on the
direction of circular polarization. We measured the velocity-
selective spin-polarization by taking the difference in absorption
of each light polarization σ±; at low VCC rates, the absorption
difference decayed, mainly due to atom transit across the probe
beam, and the decay was accelerated when the movement direc-
tion was changed by VCCs with the background gas. We were
able to detect the VCC rate on the order of 104 s−1 under these
experimental conditions. A detailed discussion of VCC rate mea-
surement has been provided in Ref. [24]. Spin relaxations due to
collisions with background gas were considered to be negligible
in this work.
4. AGING CHARACTERISTICS AT HIGH TEMPERA-
TURES
First, for the heat-proofing test, optical measurements were con-
ducted prior to heating to characterize the initial state of the
cell. The saturation absorption spectrum for the pre-aging cell
is shown in Fig. 3a. The linewidth of the peak corresponding to
the (F, F′) = (3, 4) transition was measured to be 6.4 MHz and
mainly of the natural width, ∆νn = 6.1 MHz. The time evolu-
tion of the signal in the VCC rate measurement for the pre-aging
cell is shown in Fig. 4a. The measured signal agrees well with
the simulation with no VCCs; therefore, the concentration of the
background gas in the initial cell was below the detection limit.
By performing the heat-proofing test, the saturation spectra
for the aged sapphire cell were modified as shown in Fig. 3a. We
fitted a Lorentzian function to the (3, 4) peak and derived the
linewidth of the peak. The linewidths of the (3, 4) peaks were
almost the same over the test as shown in Fig. 3b, although the
other peaks were modified. It is likely that the modifications
were caused by redistributions of the hyperfine polarization
in velocity space due to VCCs with the background gas. The
hyperfine polarization is produced through the (3, 2) and (3,
3) transitions but not through the (3, 4) transition; therefore,
the modifications were not pronounced at the (3, 4) peak. The
modifications reached a maximum at an aging temperature of
200◦C and decreased at the next aging temperature.
The variations in VCC rate were also observed by the VCC
rate measurement as shown in Fig. 4. The red points in Fig. 4a
show the time transient signal after aging at 200◦C. The decay
of the signal was clearly faster than that for the pre-aging signal.
To find the VCC rate, the signals were fitted by a theoretical
model with a strong-collision assumption [24], where the atomic
velocity is thermalized by single collisions with the background
gas. More accurately, collision kernels should be used for inter-
mediate collisions [25–28]. Figure 4b shows the VCC rates over
the heat-proofing test. As with the saturation absorption spectra,
the VCC rates increased by up to 5.5× 105 s−1, which roughly
corresponds to a pressure on the order of 1 Pa [24], after aging
at 200◦C aging and decreased at higher aging temperatures. The
background gas, therefore, was not caused by a permanent leak.
It is likely that the temporarily generated gas was fixed on the
walls by chemical reactions at the higher temperature.
The optical experiments showed that background-gas pres-
sure was increased by aging at TA . 200◦C. The gas can be
produced by chemical reaction of Rb metal on the glass and
sapphire surfaces. To remove hydrophobic groups, the sapphire
plates were cleaned with alcohol, alkaline solution, and deion-
ized water, and the glass tube with alcohol, alkaline and acid
solutions, and deionized water. Adsorbed molecules such as
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Fig. 3. (a) Normalized saturation absorption spectra measured
at room temperature before aging (pre-aging) and after each
aging process at temperature TA as a function of laser detun-
ing from the |F = 3〉 → |F′ = 4〉 transition. The peaks
corresponding to the transition between hyperfine levels
|F = 3〉 → |F′〉 are indicated as (3, F′) and the crossover
peaks are observed at the midpoints of the transition frequen-
cies. The solid curve shows an example of fitting by Lorentz
functions for TA = 200◦C. (b) Full-width at half-maximum
(FWHM) of the (3,4) peak. The width before aging is presented
at 23◦C.
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Fig. 4. (a) The transient signal in the VCC rate measurement
at room temperature before aging (pre-aging) and after aging
at TA = 200◦C. The broken curve shows the simulated time
behavior assuming no VCCs. The fit curve using the VCC rate
as a fitting parameter is shown by the solid curve. The signals
were normalized to the time 0 s. (b) VCC rate after each aging
process.
H2O, CO2, N2, and noble gases should be desorbed by diffusion
bonding at 1400◦C in air and by baking at 400◦C in vacuum.
Nonetheless, hydrophilic groups may be present, for example,
−OH on aluminum atoms and −H on oxygen atoms of the sap-
phire crystal. Plausible molecules produced by chemical reaction
were H2, O2, and H2O. Because the gas pressure was sufficiently
high to change the velocity distribution of the polarized atoms,
chemicals that are highly reactive with alkali metals, O2 and
H2O, can be eliminated from the list of possibilities. Hydrogen
molecules react with Rb metal to form the hydride RbH at high
temperature [29], and this is consistent with the result that the
gas pressure decreased after aging at TA & 200◦C. Based on the
discussion above, it is likely that the temporarily generated gas
was molecular hydrogen.
5. SUMMARY
In this work, we confirmed the capability of a diffusion-bonded
sapphire cell for optical experiments at high temperatures. The
sapphire cell consisted of sapphire plates and a borosilicate-glass
tube, which were diffusion bonded with each other without any
binders or glues. The glass tube enabled sealing of metal sam-
ples using the standard method applied in glass processing.
Optical measurements for Rb atoms in the sapphire cell were
conducted at room temperature after heating processes at high
temperatures. It was confirmed that the diffusion bonding of the
sapphire plates and the borosilicate-glass tube was vacuum tight
over a long period of time and that the sapphire walls remained
clear while the glass tube took on a brown coloration over the
heating processes. A background gas was produced by heating
with the Rb metal at a temperature of . 200 ◦C, and the gas
pressure decreased in the sealed cell at higher temperatures. A
plausible gas was hydrogen. No optical signals were detected
after aging at 400◦C, probably because the metal was absorbed
into the glass material. Since some change in the thermal expan-
sion coefficient of the glass is expected after absorption of alkali
metals, a heat-proofing test of the diffusion bonding is required
with a large amount of metal at high temperatures. It is possible
to prevent metal transfer from the sapphire body to the glass
tube, in the opposite direction to that observed in glass cells [30],
with a sapphire ball plugged in the through-hole. Accordingly,
by sealing a sufficient quantity of alkali metal in the sapphire
body, a dense atomic vapor will be optically measured under
a homogeneous temperature with clear windows. This work
demonstrates that sapphire cells could also be applied to optical
study of high temperature chemical reactions. Once the glass
tube has absorbed all the metal, it can be manufacturer-replaced
for reuse of the expensive sapphire body.
This work was supported in part by JSPS KAKENHI Grant
Numbers JP25610115 and JP16H04030. N.S. is Research Fellow
of Japan Society for the Promotion of Science.
REFERENCES
1. J. C. Camparo, “The rubidium atomic clock and basic research,” Physics
Today 60, 33–39 (2007).
2. D. Budker and M. Romalis, “Optical magnetometry,” Nat. Phys. 3, 227–
234 (2007).
3. T. W. Kornack, R. K. Ghosh, and M. V. Romalis, “Nuclear spin gy-
roscope based on an atomic comagnetometer,” Phys. Rev. Lett. 95,
230801 (2005).
4. T. G. Walker and W. Happer, “Spin-exchange optical pumping of noble-
gas nuclei,” Rev. Mod. Phys. 69, 629–642 (1997).
5. E. D. Babcock, “Spin-exchange optical pumping with alkali-metal va-
pors,” Ph.D. thesis, Univ. of Wisconsin-Madison (2005).
Research Article Applied Optics 5
6. J. Schlejen, J. Post, J. Korving, and J. P. Woerdman, “Cell for absorption
and fluorescence spectroscopy of high-pressure and high-temperature
sodium vapor,” Review of Scientific Instruments 58, 768–771 (1987).
7. D. Sarkisyan, A. S. Sarkisyan, J. Guéna, M. Lintz, and M.-A. Bouchiat,
“Alkali-vapor cell with metal coated windows for efficient application of
an electric field,” Rev. Sci. Instrum. 76, 053108 (2005).
8. K. C. Brog, T. G. Eck, and H. Wieder, “Fine and hyperfine structure of
the 22P term of Li6 and Li7,” Phys. Rev. 153, 91–103 (1967).
9. V. J. Slabinski and R. L. Smith, “Lithium vapor cell and discharge lamp
using MgO windows,” Rev. Sci. Instrum. 42, 1334–1338 (1971).
10. K. Ishikawa, “Spin-polarized lithium diffusion in a glass hot-vapor cell,”
Applied Physics B 122, 224 (2016).
11. A. G. Zajonc, “Novel high-temperature, Na vapor cell,” Rev. Sci. Instrum.
51, 1682–1684 (1980).
12. J. A. Neuman, P. Wang, and A. Gallagher, “Robust high-temperature
sapphire cell for metal vapors,” Rev. Sci. Instrum. 66, 3021–3023
(1995).
13. A. Laliotis, I. Maurin, M. Fichet, D. Bloch, M. Ducloy, N. Balasanyan,
A. Sarkisyan, and D. Sarkisyan, “Selective reflection spectroscopy at
the interface between a calcium fluoride window and Cs vapour,” Appl.
Phys. B 90, 415–420 (2008).
14. V. O. Lorenz, X. Dai, H. Green, T. R. Asnicar, and S. T. Cundiff,
“High-density, high-temperature alkali vapor cell,” Rev. Sci. Instrum.
79, 123104 (2008).
15. J. Keaveney, A. Sargsyan, U. Krohn, I. G. Hughes, D. Sarkisyan, and
C. S. Adams, “Cooperative lamb shift in an atomic vapor layer of
nanometer thickness,” Phys. Rev. Lett. 108, 173601 (2012).
16. S. Shmavonyan, A. Khanbekyan, A. Gogyan, M. Movsisyan, and A. Pa-
poyan, “Selective reflection of light from Rb2 molecular vapor,” J. Mol.
Spect. 313, 14 – 18 (2015).
17. G. Pichler, Y. Makdisi, J. Kokaj, N Thomas, J Mathew, and R. Beuc,
“Cs2 ‘diffuse bands’ emission from superheated cesium vapor,” J. Phys.
B: At. Mol. Opt. Phys. 49, 145101 (2016).
18. H. Failache, S. Saltiel, M. Fichet, D. Bloch, and M. Ducloy, “Reso-
nant van der waals repulsion between excited Cs atoms and sapphire
surface,” Phys. Rev. Lett. 83, 5467–5470 (1999).
19. V. V. Yashchuk, J. Granwehr, D. F. Kimball, S. M. Rochester, A. H.
Trabesinger, J. T. Urban, D. Budker, and A. Pines, “Hyperpolarized
xenon nuclear spins detected by optical atomic magnetometry,” Phys.
Rev. Lett. 93, 160801 (2004).
20. Y. Masuda, T. Ino, V. R. Skoy, and G. L. Jones, “3He polarization
via optical pumping in a birefringent cell,” Applied Physics Letters 87,
053506 (2005).
21. W. H. Kohl, Handbook of Materials and Techniques for Vacuum Devices
(American Institute of Physics, New York, 1967).
22. C. G. Aminoff and M. Pinard, “Velocity selective optical pumping,” J.
Phys. (Paris) 43, 263–277 (1982).
23. T. Bhamre, R. Marsland, I. K. Kominis, B. H. McGuyer, and W. Happer,
“Collision kernels from velocity-selective optical pumping with magnetic
depolarization,” Phys. Rev. A 87, 043412 (2013).
24. N. Sekiguchi and A. Hatakeyama, “Non-negligible collisions of alkali
atoms with background gas in buffer-gas-free cells coated with paraffin,”
Appl. Phys. B 122, 81 (2016).
25. R. Marsland, B. H. McGuyer, B. A. Olsen, and W. Happer, “Spin-velocity
correlations of optically pumped atoms,” Phys. Rev. A 86, 023404
(2012).
26. B. H. McGuyer, R. Marsland, B. A. Olsen, and W. Happer, “Cusp
kernels for velocity-changing collisions,” Phys. Rev. Lett. 108, 183202
(2012).
27. W. Happer, Y.-Y. Jau, and T. G. Walker, Optically Pumped Atoms
(Wiley-VCH, Weinheim, 2010).
28. J. Keilson and J. E. Storer, “On brownian motion, boltzmann’s equation,
and the fokker-planck equation,” Q. Appl. Math. 10, 243–253 (1952).
29. K. Ishikawa, B. Patton, Y. Y. Jau, and W. Happer, “Spin transfer from an
optically pumped alkali vapor to a solid,” Phys. Rev. Lett. 98, 183004
(2007).
30. T. Karaulanov, M. T. Graf, D. English, S. M. Rochester, Y. J. Rosen,
K. Tsigutkin, D. Budker, E. B. Alexandrov, M. V. Balabas, D. F. J.
Kimball, F. A. Narducci, S. Pustelny, and V. V. Yashchuk, “Controlling
atomic vapor density in paraffin-coated cells using light-induced atomic
desorption,” Phys. Rev. A 79, 012902 (2009).
